Since the biologic behavior and molecular genetic changes observed in testicular germ cell cancer dier from those seen in more common epithelial tumors, it is likely that hitherto uncharacterized genes play a role in the development of germ cell tumors. Our previous work on testicular germ cell cancer suggested that chromosome 5q might contain one or more novel tumor suppressor genes that play a role in this malignancy. In this study, we performed a high resolution loss of heterozygosity (LOH) study of testicular cancer using 37 informative markers on chromosome 5. We detected allelic losses in 20/48 (42%) specimens and identi®ed three common sites of loss on chromosome 5q14, 5q21 and 5q34-qter, de®ned respectively by minimal regions of deletion of 41 cM, 10 cM and *20 (cM). Using an overlapping series of YACs and radiation hybrid mapping, we have constructed a physical map of the 5q14 deletion that should aid in the isolation and characterization of the putative tumor suppressor gene located therein.
Introduction
Testicular germ cell tumors (GCT) comprise 1% of all malignancies in men. Although the majority of germ cell tumors are curable through a combination of surgery, chemotherapy and radiation, these tumors are a leading cause of cancer death among young males (Bosl and Motzer, 1997) . Recent studies have demonstrated that the genetic changes that occur in more common epithelial malignancies such as breast, gastrointestinal and lung cancer are not mirrored in testis cancer. Speci®cally, tumor suppressor genes that are rendered dysfunctional in more common malignancies appear to be unaltered in GCT. For example, no TP53 (Peng et al., 1993) or p16 (Hatta et al., 1995) mutations are observed in testis tumors. Loss of heterozygosity (LOH) studies have likewise failed to demonstrate a convincing loss of the APC, MCC, WT-1 or Rb genes in GCT (Peng et al., 1995) .
It is thus likely that hitherto uncharacterized genes play a role in the development of this malignancy. We considered that chromosome 5q might harbor one or more of these genes for the following reasons: (i) Our previous studies of the APC and MCC genes revealed LOH of 28 and 23% respectively (Peng et al., 1995) . We hypothesized that such a moderate level of LOH might re¯ect the loss of sequences in the same general chromosomal region as APC and MCC but involving a dierent tumor suppressor locus entirely; (ii) In agreement with these observations, other investigators have noted LOH on the long and short arms of chromosome 5 (al-Jehani et al., 1995; Murty et al., 1994 Murty et al., , 1996 Peltomaki et al., 1990) ; (iii) Cytogenetic studies of testicular GCT have demonstrated deletions and rearrangements of chromosome 5q (Rodriguez et al., 1992) ; (iv) A locus conferring susceptibility to murine teratocarcinoma maps to mouse chromosome 18 in a region syntenic to human chromosome 5q31 (Asada et al., 1994; Sakurai et al., 1994) .
To examine the role of chromosome 5q loss in testicular GCT, we carried out deletion mapping of 45 testicular tumors and three germ cell lines at high resolution using 37 highly informative dinucleotide markers. We report here the identi®cation of three common sites of deletion at chromosome 5q14, 5q21 and 5q34-qter.
Results

Regions of deletion in primary tumor samples
To examine testicular germ cell tumors for chromosomal loss at 5q, we studied 48 samples comprising 45 primary tumors and three germ cell lines (Peng et al., 1995) . Both normal and tumor or cell line DNA was available for all of these samples. We used 37 markers on chromosome 5 to assess these samples for loss of heterozygosity (LOH). Four of these markers were on 5p and the rest were on 5q. All of the markers detected dinucleotide repeats with the exception of D5S1459 and D5S1487 which ampli®ed tetranucleotide repeats, and that for MCC, which contains a 14 bp polymorphic insertion (Greenwald et al., 1992 ). An example of LOH detected using the marker D5S617 is presented in Figure 2 .
The results obtained using these markers are summarized in Figure 1 and Table 1 . Using paired DNA samples from the normal and tumor specimens, we were able to amplify between 47% (D5S423) and 100% (several markers) of specimens. The hetero-zygosity of the markers ranged from 24% (D5S488) to 100% (D5S617). The frequency of LOH amongst the 37 loci ranged from 4% at D5S397 to 47% at D5S1459: however, these percentages must be interpreted with caution, given that not all samples were ampli®ed with every marker (Table 1) . We observed allele loss in at least one locus in 20 specimens tested, including 19 tumors and one cell line, for an overall LOH on chromosome 5 of 42%. We observed LOH in 8 of these 20 specimens (40%) at all informative loci, indicating loss of the entire chromosome, while 12 (60%) of the samples demonstrated restricted loss of chromosome 5. The frequency of LOH did not dier signi®cantly between histologic subsets of GCT, either in the 5q monosomy group or in the set of tumors with restricted deletions.
As seen in Figure 1 , the LOH at speci®c tumors identi®es three distinct regions of chromosomal loss. Four tumors ± 109, 112, 104 and 116 ± de®ne a common region of loss centered about the marker D5S428 on 5q14. Examination of the Whitehead Institute Human Physical Mapping Database (Hudson et al., 1995) revealed that the order of markers in this region is D5S641-D5S626 (92 cM) -D5S1459 -D5S428 (95 cM) -D5S1487 -D5S617 (95.5 cM) -D5S401 (98 cM). The marker D5S1459, which was maintained in two tumors, 104 and 116, de®ned the centromeric border of the deleted region, while Figure 1 Chromosome 5 deletion map of 47 testicular germ cell tumors. Sample numbers on the left refer to the tumor number, or if pre®xed by CL, the cell line. The histology is indicated as follows: sem=seminoma; ter=teratoma; it=immature teratoma; tit=immature teratoma with trophoblastic elements; ec=embryonal carcinoma; est=endodermal sinus tumor (yolk sac tumor). The markers are arrayed along the top of the ®gure; underneath each marker is its genetic position in cM from the top of chromosome 5, if known (as determined by GeÂ nethon, Paris). The deletion status at each locus is indicated as: &=LOH; &=retention of heterozygosity; &=non-informative (homozygous); blank=did not amplify. A + sign indicates instability of the corresponding marker. The tumors are separated into four groups according to the region of loss from top to bottom: no loss; monosomy 5; 5q14+other regions; 5q21 and 5q33-35. The thick horizontal lines above the chromosome 5 ideogram indicate the approximate location of the deleted regions D5S1487, which was maintained in tumor 116, de®ned the telomeric extent of deletion. The analysis of tumor 116 was particularly revealing, as the only marker demonstrating LOH was D5S428, allowing us to de®ne a region of loss 41cM (see below).
The second region of deletion comprises a 10 cM interval at 5q21 de®ned by LOH in two tumors, 54 and 125. This region is centered about D5S409 (109 cM) and is¯anked by D5S401 (103 cM) and D5S433 (112 cM). The third and ®nal region of deletion is an interval de®ned by tumor 103 and the cell line 1156. The area of loss, encompassing 5q34-qter, extends from D5S211 to the telomeric marker D5S469 and is¯anked on the centromeric side by D5S425 (179 cM); we estimate its genetic size to be approximately 20 cM.
Several other samples contained much larger regions of deletion than those de®ned above. Two additional tumors, 107 and 114, had deletions that encompassed both the region of deletion at 5q14 as well as the region at 5q21. A third sample, tumor 1, demonstrated LOH of the entire long arm of chromosome 5 and most of 5p, but maintained the chromosome telomeric 5p marker D5S392. In addition, as noted previously, eight tumors demonstrated LOH at all markers, implying monosomy of chromosome 5.
In addition to LOH of all or part of chromosome 5, in some cases we observed a relative decrease in the strength of one allele, suggestive of chromosomal imbalance. Because imbalance may be dicult to distinguish experimentally from contamination by in®ltrating normal cells, we elected not to record it in Figure 1 . However, in®ltration by normal cells was not a factor in the analysis of the testicular germ cell lines. We observed striking imbalance in the embryonal cancer-derived cell line 833KE at all informative markers on 5q but not at the three 5p markers D5S392, D5S432 and D5S419 (data not shown).
Construction of a physical map of the deleted region at 5q14
To construct a preliminary physical map of the region encompassing the 5q14 deletion, we selected a series of YAC clones mapped by the Whitehead Institute for Biomedical Research to contig WC5.7 between the markers WI-1312 and D5S616 (Hudson et al., 1995) . We screened the YACs with 15 markers, comprising 11 polymorphic microsatellite markers and four nonpolymorphic STS markers, as detailed in Figure 3 . This mapping allowed us to arrange the YACs into an ordered set that overlapped the deleted region between D5S1459 and D5S1487. Of the 13 YACs, twelve appeared to contain contiguous segments of chromosome 5q14, while YAC 935a5 demonstrated two deleted segments (see Figure 3) . Only two clones ± YACs 883h9 and 952g12 ± spanned the region D5S392  D5S432  D5S419  D5S518  D5S427  D5S424  D5S641  D5S626  D5S1459  D5S428  D5S1487  D5S617  D5S401  D5S488  D5S484  D5S409  D5S433  D5SAPC  D5S346  D5SMCC  D5S404  D5S414  D5S413  D5S410  D5S403  D5S422  D5S621  D5S423  D5S415  D5S400  D5S504  D5S397  D5S462  D5S425  D5S211  D5S498 D5S1459-D5S428-D5S1487 that comprises the deleted region.
Fish analysis of clones mapping to the deleted region
Some of the YAC clones that we analysed are known to contain material from chromosomes other than 5q (Figure 2 ). We selected ®ve YAC clones that overlapped the deleted region and contained only chromosome 5 sequences and con®rmed their location by FISH analysis of normal metaphase spreads. Clones 842a1, 883h9, 664e8 and 876b8 demonstrated fluorescent signals only at 5q14 and at no other location (not shown). In contrast, clone 703h12 demonstrated signals at both 5q14 and at 5qter, indicating that this clone represents a chromosome 5 chimera (not shown).
Radiation hybrid mapping
The order of the markers in Figure 2 was originally taken from the Whitehead public database and con®rmed by our analysis of the YAC clones. However, these YAC clones could not de®ne the order of markers WI-10009 and CHLC.CGT10A04. As noted in Figure 2 , YAC 935a5 appears to have suered two deletions; but if the order of WI-10009 and CHLC.CGT10A04 were reversed, there would be only one deletion in this YAC. To resolve the marker order, we carried out radiation hybrid mapping of the markers surrounding the deleted region using the high resolution Stanford TNG3 RH panel. This con®rmed the order of markers to be WI.1312 ± WI.10009 ± D5S145 ± D5S428 ± D5S1487 ± D5S1509 ± WI.5832 ± D5S617. The distance between markers D5S1459 and D5S1487 was calculated to be 1.9 centirays (cR).
Microsatellite instability occurs infrequently in testicular cancer
In some cases, we observed additional bands in seven tumor samples that suggested microsatellite instability (+ signs in Figure 1) . In most tumors, this instability was observed only once and occurred in a dierent dinucleotide repeat in each sample, with the exception of tumors 59 and 122, where instability was present at the same tetranucleotide repeat marker D5S1487. Additionally, tumor 122 demonstrated instability at two markers, D5S641 and D5S1487.
Discussion
Our previous studies of tumor suppressor genes in testicular germ cell cancer demonstrated LOH at the APC and MCC genes on chromosome 5q (Peng et al., 1995) . However, the modest level of LOH at these two genes led us to speculate that one or more common areas of deletion near APC and MCC might identify a tumor suppressor gene involved in the development of testicular cancer. In this study, we undertook a high resolution LOH analysis of chromosome 5q in an eort to map speci®c areas of deletion that might harbor putative tumor suppressor genes. We report here the identi®cation of three such candidate regions, at 5q14, 5q21 and 5q34-qter.
Of the candidate regions that we mapped, the deleted region at 5q14 was the most narrowly de®ned, being 41 cM in size. Murty et al. (1996) also studied allele loss in testicular germ cell tumors and reported a somewhat dierent region of deletion centered on D5S407 at 5q11, which is centromeric to D5S428 at 5q14. However, our high resolution LOH screen of 5q comprised many additional markers, and pooling of the two data sets from our respective laboratories are entirely consistent with a region of deletion centered at D5S428. Importantly, our characterization of this relatively small 5q14 deletion will now enable us to undertake positional cloning of the putative testicular cancer susceptibility gene contained therein.
The second area of loss on 5q21 encompasses a maximum region of deletion of 10 cM that lies near to the APC tumor suppressor gene and the putative tumor suppressor MCC. Germline mutations of APC are associated with the development of polyposis coli and Turcot's syndrome and might conceivably be involved in the genesis of testicular carcinoma. However, we were able to exclude these candidate genes by examination of tumor 125, which demonstrated LOH of marker D5S409 but retained D5S433 and APC. The data of Murty et al. (1996) are again consistent with a deletion in this region; by using a high resolution approach, we were able to distinguish this region from the deletion at 5q14. The third deleted region, observed in tumor 103 and cell line 1156, comprised the chromosomal segment 5q34-qter and is *20 cM in size. Our data are in complete agreement with Murty et al. (1996) who identi®ed a deleted region from 5q34-35.
Testicular cancer is thought to progress from carcinoma in situ (CIS), to seminoma, and thence to a non-seminomatous stage. We were unable to demonstrate that the loss of a speci®c tumor type (seminoma, non-seminoma or teratoma) correlated signi®cantly with the frequency or pattern of overall LOH on chromosome 5q (Table 2) , or with LOH in speci®c regions of 5q (not shown). We conclude that the loss of chromosome 5q material may be an early event in the genesis of testicular cancer, and does not in¯uence the progression of germ cell tumors from seminoma to non-seminoma. Alternatively, the number of tumors we studied may be too small to reach statistical signi®cance; or our LOH study may underrepresent the frequency of genetic events in speci®c chromosome 5q gene(s).
Testicular germ cell cancer may have an inherited basis in as much as one third of cases (Nicholson and Harland, 1995) , although the location of the gene(s) predisposing to this disease is as yet unknown. A preliminary linkage study of testicular cancer kindreds identi®ed a number of candidate sites in the human genome, albeit at low LOD scores, including loci at D5S428 and D5S409 (International Testicular Cancer Linkage Consortium, 1998; Leahy et al., 1995) . Interestingly, these are precisely the same markers that identify two of the three deleted regions in this study.
Acceleration of teratocarcinoma development in the 129/Sv mouse strain is associated with a gene, designated Ter, that acts in a codominant fashion (Noguchi and Noguchi, 1985) . The Ter gene has been mapped to mouse chromosome 18 (Asada et al., 1994; Sakurai et al., 1994) near the Fgf-1 and Grl-1 genes at a region that is syntenic to human chromosome 5q31. While this chromosomal region does not contain one of the minimally deleted sites that we detected, it is still conceivable that homologous genes may be involved in Figure 3 Contig map of overlapping YACs encompassing the 5q14 deleted region. The map comprises 13 YACs covering the interval between D5S641 to D5S401. The markers are shown above; the thick horizontal above the markers delineates the region of deletion, while the numbers below the ticks indicate the genetics location of some markers in cM from the top of chromosome 5. Filled squares correspond to polymorphic and ®lled circles, non-polymorphic markers. The brackets on 935a5 indicate presumed deletions in this YAC clone. The approximate size of each YAC is indicated, as is the presence of additional genetic material from chromosomes other than ®ve. Note that only YACs 925g12 and 883h9 contain the entire deleted region the development of both human and murine testicular cancers, as synteny between species is not always exact. Deletions occur at 5q in a number of malignancies. In a study of gastric adenocarcinoma, Tamura et al. (1996) observed LOH in 37% of specimens. They reported two minimal regions of deletion at D5S428 at 5q14 and at the interferon regulatory locus (IRF-1) at 5q31, but not at 5q21. Other workers have noted cytogenetic changes at 5q13-21 (Miura et al., 1992) and LOH at 5q21 and 5q33-35 in lung cancers (Hosoe et al., 1994; Wieland et al., 1996) ; LOH at 5q35-qter in hepatocellular carcinoma (Ding et al., 1993) ; and LOH at 5q21 in esophageal cancers in the absence of APC gene mutations (Aoki et al., 1994) . Finally, deletions of 5q are commonly seen in cases of myelodysplasia and acute myelogenous leukemia (AML) (Nagarajan, 1995) . The region of minimal loss in AML appears to lie at 5q31.1 (Fairman et al., 1995) , which is removed from the regions of deletion that we observed in testicular cancer. However, it is possible that larger deletions of 5q play a role in the genesis of both germ cell tumors and leukemia, given the rare clinical association of these two diseases (Orazi et al., 1993) .
We observed a very low rate of instability of dinucleotide repeat tracts in our tumor specimens, as only ®ve of 47 samples (10%) displayed additional bands, each at a single marker. This observation is in keeping with those of other investigators Lothe et al., 1995) although Murty et al. reported that 24% of germ cell tumor DNAs contained unstable dinucleotide repeats. Huddart et al. (1995) reported instability of tri-and tetranucleotide repeats in testicular cancers. Because we only examined two tetranucleotide repeats, and no trinucleotide repeats, we are unable to determine with con®dence whether this is the case in our samples as well. However, we note that the only marker to demonstrate instability in more than one tumor was the tetranucleotide repeat marker D5S1487. We have previously reported that germ cell tumors do contain large CAG repeats, and this may re¯ect a defect in the repair of triplet repeat expansions (King et al., 1997) .
In summary, we have identi®ed three regions of restricted loss on chromosome 5q in testicular germ cell tumors. One of these regions, at 5q14, was de®ned at suciently high resolution to permit the construction of a physical map of this locus. Our precise delineation of this restricted genomic segment should allow identi®cation of the putative tumor suppressor gene located therein.
Materials and methods
Sample selection and preparation
To study chromosomal deletions at 5q, we extracted DNA from 45 primary testicular germ cell tumor samples comprising 20 seminomas, three embryonal carcinomas, ®ve teratomas and 17 mixed tumors as described previously (Peng et al., 1995) . Mixed tumors comprised both seminomatous and non-seminomatous elements, or were a mixture of nonseminomatous subtypes. Twenty-two samples were derived from fresh frozen tumor tissue obtained at operation and 21 were from archival formalin-®xed 50 mm paran embedded sections. Matched normal DNA was prepared from either normal adjacent tissue or peripheral blood lymphocytes. All patients had given informed consent (approved by the human experimentation committee of The Toronto Hospital).
All tumors were subjected to light microscopic review by a pathologist experienced in the diagnosis of GCT of the testis. After diagnostic con®rmation, a visual assessment was made of the approximate proportion of tumor cell versus normal cells in the tumor. To ensure sensitivity and accuracy in LOH detection, only those specimens in which tumor cells represented 560% of the tumor tissue were accepted for analysis. We also prepared DNA from three GCT lines derived from nonseminomas and from the corresponding lymphoblastoid cell lines derived from the patients' peripheral blood lymphocytes (Peng et al., 1995) .
PCR ± LOH assay
To study LOH on chromosome 5, we employed 37 microsatellite markers (Research Genetics, Huntsville, AL, USA). These markers, shown in Figure 1 , detected 34 dinucleotide and two tetranucleotide repeat polymorphisms (D5S1459 and D5S1487). We also employed one PCR-based marker that detected a polymorphic 14 bp insertion in exon 10 of the MCC gene (Greenwald et al., 1992) . PCR was carried out in a 25 ml reaction volume containing 50 ± 200 ng of genomic DNA from frozen tissue or peripheral blood or 100 ± 1000 ng of DNA from paran-embedded tissue. The concentrations of primers, dNTPs and MgCl 2 as well as annealing temperatures for each primer were optimized in pilot studies prior to processing experimental samples. Typical PCR conditions were: primers, 20 ± 40 pmol; Taq DNA polymerase 1 unit; and 150 mM dNTPs. PCR reactions were carried out in a Perkin-Elmer Thermocycler 9600 for 30 ± 35 cycles, usually at an annealing temperature of 558C.
Detection of PCR Markers
Typically, the PCR products from four to six ampli®ed markers were pooled and co-precipitated. The pellet was dissolved in 8 ml of loading buer (95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol), heated at 908C for 5 min and loaded onto a 8% denaturing polyacrylamide gel. Electrophoresis was carried out at 60W for 3 ± 5 h. The reaction products were analysed by hybridization of labeled primers to a membrane bearing unlabeled PCR products (Weber and May, 1989) .
We carried out quantitative analysis of LOH by DNA fragment analysis at six crucial markers -D5S1459, D5S428, D5S617, D5S401, D5S409 and D5S433 using the Applied Biosystems 310 Genetic analyser (ABI, Foster City, CA, USA). Peak heights of the corresponding alleles were analysed with the Genescan v2.0 and Genotyper v1.0 software (ABI) and the assessment of LOH carried out as described by Canzian et al. (1996) .
YAC clones and FISH analysis
We acquired a series of YAC clones from the MRC Genome Resource Facility (Hospital for Sick Children, Toronto). Fluorescent in situ hybridization (FISH) analysis was performed using the YAC DNA (Scherer and Tsui, 1997) according to the method by Hagemeijer and Grosveld, 1996) . encompassing the 5q14 deleted region. We constructed an RH map using the RH2TP v2.02 software package from the Stanford Human Genome Center (Stewart et al., 1997) .
